In this paper, we investigate noncoherent multiple-inputmultiple-output (MIMO) ultrawideband (UWB) systems where the signal is encoded by differential space-time block code (DSTBC). DSTBC enables noncoherent MIMO UWB systems to achieve diversity gain. However, the traditional noncoherent symbol-by-symbol differential detection (DD) for DSTBC-UWB suffers from performance degradation compared with coherent detection. We introduce a noncoherent multiple-symbol detection (MSD) scheme to enhance the performance of DSTBC-UWB systems. Although the MSD scheme can boost the performance more as the observation window size becomes larger, the complexity of the exhaustive search for MSD also exponentially increases in terms of the window size. To decrease the computational complexity, the concept of decision feedback (DF) is introduced to the MSD for DSTBC-UWB in this paper. The resultant DF-MSD yields reasonable complexity and solid performance improvement. We provide the bit-error-rate analysis for the proposed DF-MSD. Both theoretical analysis and simulation results validate the proposed scheme.
A and B are two matrices of size m × m and n × n, respectively. Clearly,R could be written as follows: R = W diag ϑ 2 0 , ϑ 2 1 , ϑ 2 2 , . . . , ϑ 2 L−1 W H (18) where W ∈ C Γ×L is defined in (9) . Since W is equal to the Γ rows of a Vandermonde matrix,R is full-rank, and therefore, our proposed SFCs achieve a diversity advantage that is equal to ΓM t M r . If Γ = L, the determinant of W could be specified as (see [2, Eq. (34) ])
Thus
For our proposed SFCs, the expression | det(Δ •R)| is the coding advantage, which could be maximized by selecting a proper value of γ SD .
I. INTRODUCTION
Ultrawideband (UWB) impulse radio communication, as a promising candidate for location-aware indoor communications, wireless sensor networks, and wireless personal area networks, has attracted significant attention in both academia and industry in recent years [1] , [2] . The antenna array, also known as the multiple-input multipleoutput (MIMO) technique, employing multiple antennas at both link ends, is capable of improving system performance by achieving spatial diversity. To exploit the advantages of both UWB and MIMO systems, many research studies have been done on deploying the space-time coding (STC) scheme for MIMO UWB transmissions [3] , [4] . STC schemes provide diversity and coding gains for MIMO UWB systems and hence yield remarkable performance improvement. However, the decoding operations of these schemes require channel state information (CSI) and implementations of a rake receiver. Since the UWB channel is characterized by a dense multipath, stringent requirements on channel estimation [5] and the number of rake fingers [6] make it difficult and costly to realize the MIMO UWB system with the rake receiver.
To bypass the complicated treatments on the UWB channel, noncoherent UWB systems are proposed with a good performancecomplexity tradeoff [1] . The typical noncoherent UWB schemes are differential-detection (DD) [7] and transmitted-reference systems [8] ; both employ an analog autocorrelation receiver (AcR) that does not require channel estimation. Furthermore, noncoherent MIMO UWB systems have been emerging recently [9] , [10] . The counterpart of DD in MIMO UWB is proposed in [10] , wherein the signals are encoded by using differential space-time block code (DSTBC) [11] . In addition, a DD scheme employing a MIMO AcR is further developed to exploit both multipath diversity and spatial diversity. A performance gain, therefore, is obtained by a MIMO DD scheme compared with a singleinput-single-output (SISO) DD scheme in UWB systems.
Multiple-symbol detection (MSD) is an effective means of improving performance for noncoherent UWB systems. The theoretical framework of MSD is the maximum-likelihood (ML) sequence detection, which is first introduced to detect a differential M -ary phaseshift keying signal over an additive white Gaussian noise (AWGN) channel [12] . MSD is extended to the MIMO system by Gao et al. [13] , where the author used MSD to detect a DSTBC signal over a flat-fading channel. Applying MSD to a SISO UWB system has been recently considered in [14] and [15] . Although the MSD scheme can obtain solid performance improvement compared with the symbol-bysymbol DD scheme, the complexity of MSD exponentially increasing with the observation window size is intractable, particularly in UWB systems where high-complexity receivers are not preferable. Lottici and Tian [16] devised the application of sphere decoding (SD) and Viterbi algorithm to fulfill low-complexity MSD for a differential SISO UWB system. In [17] , the decisions on previous symbols were fed back to clean up the current noisy waveform template of the UWB AcR. Then, this idea of decision feedback (DF) is employed to reduce the complexity of MSD for SISO UWB systems in [18] and [19] .
In this paper, we investigate noncoherent MIMO UWB systems where the UWB pulses are encoded by DSTBC, as in [11] . MSD can be employed to enhance the detection performance of DSTBC-UWB systems. Nevertheless, the exhaustive search of the MSD scheme involves prohibitive computational complexity with a large observation window size. In [20] , SD was used to achieve practical implementation of MSD for DSTBC-UWB. Although the SD scheme can facilitate the implementation of MSD, its exponential expected complexity given a fixed SNR [21] could be unaffordable when the observation window size is rather large. This motivates us to propose a new DF-based MSD scheme for DSTBC-UWB that is much simpler and more effective. With the concept of DF, we substitute the previous detected symbols into the MSD metric, thus reducing the search space. We still explore the correlations among multiple symbols to get more information, assisting the detection of the current symbol. We derive the theoretical lower bound of the bit error rate (BER) for the proposed DF-MSD scheme. It is shown in both theoretical analysis and computer simulations that the proposed DF-MSD scheme achieves a solid performance and outperforms the DD scheme with slightly higher complexity. This paper is an extension of our conference paper [22] , where the BER performance analysis is lacking.
The rest of this paper is organized as follows. The system models of the DSTBC-UWB system and the MSD receiver scheme are described in Section II. Section III introduces the DF-MSD scheme and investigates the theoretical error performance of DF-MSD. Section IV shows simulation results. Finally, conclusions are drawn in Section V.
II. SYSTEM MODEL

A. Transmit Signal Model
A peer-to-peer MIMO UWB communication system includes a transmitter that is equipped with N t antennas and a receiver that is equipped with N r antennas. Being consistent with [10] , we focus on the system with N t = 2 transmit antennas, which is desirable in the practical case. In the system where the DSTBC scheme is employed to encode the original information bits, the input bit sequence is divided into blocks of 2 bits, and then, these bit blocks are fed into the encoder. The encoder maps each 2 bits into a space-time block codeword drawn from a codeword book Ω = {U (1) , U (2) , U (3) , U (4) }, where the codewords
, where (·) T is the transpose operator. When N t > 2, we can also construct codewords according to this property. The proposed scheme, therefore, can be extended to a system with larger N t . The bits-to-codeword mapping is Gray mapping such that 00 → U (1) , 01 → U (2) , 11 → U (3) , and 10 → U (4) . Then, the information-bearing codewords are differentially encoded to obtain the transmitted symbols, i.e.,
where the 2 × 2 matrix D k is the kth transmitted symbol that will be transmitted over two transmit antennas during two frame durations, and U k ∈ Ω is the kth information-bearing symbol (a codeword picked from Ω). The initial transmitted symbol D 0 is the reference symbol that is set as
It is worth noting that D k meets the orthogonal property
The pth row and nth column entry of D k , which is denoted by d p,2k+n ∈ {±1}, is transmitted by the pth transmit antenna during the nth frame duration of the kth transmitted symbol, where p, n = 1, 2. Hence, the signal radiated by the pth transmit antenna is given by
where ω(t) is the monocycle pulse waveform of duration T ω with normalized energy, T f is the frame duration (pulse repetition interval), T s = 2T f is the duration of one transmitted symbol, E b is the energy used to transmit 1-bit information, and normalization factor 2 ensures the same transmission power level as in the single-antenna case. Note that the second equality of (3), where a single time index j = 2k + n, is introduced to replace the double time index (k, n); correspondingly, d p,2k+n is rewritten as d p,j . In the following, we will alternately use d p,2k+n and d p,j depending on which one is more convenient for description. Since ω(t) has a very short duration, T ω is typically on the order of nanoseconds, and the transmitted signal occupies a huge bandwidth. The frame duration T f is usually a hundred or a thousand times longer than T ω , resulting in a low duty transmission. Since the single-user case is considered, the time-hopping codes or the directsequence codes for multiple access are eliminated for simplicity.
B. Received Signal Model
The channel impulse response between the pth transmit antenna and the qth receive antenna is modeled as
where δ is the Dirac delta function, L is the number of resolvable multipath components (MPCs), and α q,p l and τ q,p l are the gain and delay of each MPC, respectively. The received signal at the qth receive antenna is given by
where ⊗ stands for convolution, n q (t) denotes a zero-mean AWGN process with two-sided power spectral density N 0 /2, and g q,p (t) is the overall channel response between the pth transmit antenna and the qth receive antenna, which can be defined as
With T g denoting the maximum delay spread of all g q,p (t), the intersymbol interference (ISI) is avoided by letting T f ≥ T g . For noncoherent reception, all g q,p (t) are not known at the receiver.
C. MSD Receiver for DSTBC-UWB
To detect M − 1 information-bearing symbols jointly, the observation window length of the MSD receiver is set to M symbol durations, during which we assume that the channel remains invariant. Since the UWB channel is quasi-static in typical indoor environments [23] , this assumption is justifiable. For notational simplicity but without loss of generality, we consider the case of recovering the first M − 1 information-bearing symbols, which are given by a set
The detection strategy of MSD for the DSTBC-UWB system is expressed as
where Tr(·) denotes the trace of a matrix,
is the set of trail symbols, and R q k,y is a 2 × 2 matrix whose entries are the correlations between the kth symbol waveform and the yth symbol waveform from the qth receive antenna. Upon defining the vector of the time-shifted received continuous-time waveforms at the qth antenna as r q
where T i is the integration interval. Some remarks are given here.
1) The detection metric of MSD (8) can be derived by using the generalized likelihood ratio testing approach. We refer interested readers to [22] for details on the derivation. When M = 2, (8) degenerates into the DD scheme for the DSTBC-UWB system, which also appears in [10] .
2) The MSD scheme requires the computation of correlations between different segments of the received signal [as in (9)]. This can be implemented by using an analog delay line, a multiplier, and an integrator that avoids an analog-to-digital converter with an ultrahigh sampling rate. The computed correlations will be fed into a digital processor, which fulfills the search task of (7) . We illustrate the schematic of the MSD receiver in Fig. 1 with M = 3 as an example. 3) As M increases, the MSD scheme can offer an additional detection gain compared with DD. However, the detection strategy (7) is an ML sequence detection that has an exhaustive search process, and the size of the search space exponentially grows with M − 1. When M becomes large, the computational complexity becomes intolerable. The complexity of the exhaustive search for MSD has been reduced in [20] by SD. In the next section, we apply the DF mechanism to further reduce the computational complexity of MSD for DSTBC-UWB.
III. DECISION FEEDBACK-BASED MULTIPLE-SYMBOL DETECTION FOR DIFFERENTIAL SPACE-TIME BLOCK CODE-ULTRAWIDEBAND
A. DF-MSD
Here, the DF-MSD with lower complexity than the original MSD in (7) is proposed to reduce the computational complexity. The notion of DF-MSD is to detect the kth information-bearing symbol U k by substituting the estimate of previous M − 2 symbols, i.e., U k−M +2 , U k−M +1 , . . . , U k−1 , into the original MSD metric (7) . The DF-MSD scheme for DSTBC-UWB is formalized as
with
The observation window size of DF-MSD still preserves M ; however, the observation window slides one symbol duration down each time.
Since one codeword is detected each time, the size of the search space is reduced from |Ω| M −1 to |Ω|. In addition, no signal correlations {R q k ,y }, ∀k = k, are required to be computed; we just need to compute {R q k,y } k−1 y=k−M +1 when detecting the kth symbol. Thus, DF-MSD has lower complexity than the original MSD.
B. Error Performance Analysis of DF-MSD
Here, the error performance of the proposed DSTBC-UWB system with the DF-MSD receiver is evaluated. Since the errors among the M − 2 previously detected information-bearing codewords U k−M +2 , U k−M +1 , . . . , U k−1 have an impact on the detection of the current codeword U k , an accurate expression for the error performance is intractable to derive. We now analyze the genie-aided DF-MSD receiver case [24] , where all the M − 2 feedback codewords are assumed to be correct, i.e., U y = U y for y = k − M + 1, . . . , k − 1. Its error performance is regarded as the lower bound of the real DF-MSD receiver.
First, we investigate the details of R q k,y that are used in (11) for detection. The 2 × 2 matrix R q k,y is defined in (9) , and its uth row and zth column entry is computed as
are the time-shifted noises. Further expanding (12), R q k,y is divided into a signal component and a noise component, i.e.,
where the signal component is
and the noise component is
Now, R q k,y can be rewritten in matrix form, i.e., R q k,y = S q k,y + N q k,y
where the entries of matrices
are defined in (15) and (16) . Then, by assuming that the kth transmitted codeword U k is U (1) , we analyze the probability of the correct detection, i.e.,
where Ψ m is the detection metric for the trial codeword U (m) , and it is defined as
for each m. Using the computation about R q k,y and the assumption U k = U (1) , Ψ 1 , Ψ 2 , Ψ 3 , and Ψ 4 are given by
where ε q,p = T i 0 (g q,p (t)) 2 d is the captured energy of the channel between the pth transmit antenna and the qth receive antenna. Substituting (22c) and (22d) in (20) , P c is expressed as
To evaluate P c , the conditional correct probability P c|h given the channel realizations {h q,p (t)} is our target. Conditioning on the channels, A 1 and A 2 are strictly Gaussian random variables, and A 3 is approximately Gaussian [25] . These conditional Gaussian random variables are also mutually independent [25] . Therefore, the conditional probability density functions of Gaussian random variables Ψ 1 and Ψ 2 are
with the condition mean of Ψ 1 , i.e., (25) and the conditional variance of Ψ 1 and Ψ 2 , i.e.,
where ε = N r Nr q=1 (ε q,1 + ε q,2 ) is the total captured channel energy, and W is the bandwidth of the receiver bandpass filter. The detailed derivations of (24)-(26) are given in the Appendix. Using (24a) and (24b), the conditional correct probability P c|h is given by
The conditional codeword error probability is P e|h = 1 − P c|h . Since Gray mapping is used, the conditional BER is
Finally, the unconditional BER can be obtained by averaging over the channel, i.e., which is realized by numerical integration. It is noted that P ber is the BER of the genie-aided DF-MSD receiver, which is regarded as the lower bound of our DF-MSD receiver.
IV. NUMERICAL EXPERIMENTS
Here, numerical experiments are conducted to validate the proposed schemes. In all experiments, the channels are generated according to the IEEE 802.15.3a CM2 model [23] . The used impulse shape is the second derivative of a Gaussian function. The duration of ω(t) is set as T ω = 0.5 ns. We assume that there is no ISI in all systems; thus, the frame duration T f is set to 100 ns, which is larger than the maximum excess delay of the channel. The integration interval is T i = 20 ns. In all cases, the antenna setting is N t = 2, N r = 1.
A. Test 1
We present numerical evaluation and simulation to verify the theoretical analysis. The theoretical BER for the genie-aided DF-MSD receiver (29) is computed by numerical integration. The BER performances of the genie-aided DF-MSD receiver and the real DF-MSD receiver that is described by (10) are also given by computer simulations. The simulated BER curves, together with the theoretical ones, are shown in Fig. 2 for various M . It can be observed that the BER of the genie-aided DF-MSD receiver is less than that of the real DF-MSD receiver. This performance gap is due to the error propagation from the feedback codewords in the real DF-MSD receiver. For the theoretical BER of genie-aided DF-MSD, it also does not totally coincide with the simulated one. This inaccuracy is caused by the approximation of A 3 in (17) as Gaussian. The theoretical BER can provide good performance approximation since it is a lower bound and the bound is somewhat tight. When M becomes too large, the complexity of the proposed DF-MSD becomes very high. It is impossible to simulate such system. However, we can evaluate the theoretical lower bound to predict the BER performance of the proposed DF-MSD with larger M .
B. Test 2
In this case, we compare the BER performance of DSTBC-UWB systems with DF-MSD described by (10) with other schemes. The BER performances of the ideal rake reception for the Alamuti space-timecoded MIMO UWB system [3] , the DD scheme for the DSTBC-UWB [10] system, and the MSD for the DSTBC-UWB system described by (7) are also evaluated and presented as the performance benchmarks. The results are shown in Fig. 3 . First, we can observe the clear performance benefit brought by MSD compared with the DD scheme. Then, we can find that DF-MSD for DSTBC-UWB almost has the same BER with MSD, except that DF-MSD slightly underperforms MSD when E b /N 0 is small. This slight performance gap is due to the error propagation effect of DF-MSD at low E b /N 0 . Finally, since the search space of DF-MSD will not increase with observation window size M , we can increase M to enable the BER to get close to the ideal rake reception. For example, the performance gap between the proposed DF-MSD for DSTBC-UWB with M = 20 and the ideal rake reception for the Alamuti space-time-coded MIMO-UWB is within 3 dB at BER = 10 −6 .
V. CONCLUSION
In this paper, we have considered a differential space-time blockcoded MIMO UWB system. We employed the MSD scheme to improve detection performance. Moreover, to reduce the complexity of MSD and make its realization more practical, we introduced the DF-MSD scheme. Since the search space of DF-MSD will not increase with observation window size M , but more information can be used to enhance detection performance by increasing M , the BER is improved by the DF-MSD with moderate detection complexity. We give BER analysis of the genie-aided DF-MSD scheme, which can serve as the theoretical lower bound for the BER of real DF-MSD and can be also used to guide the soft detector design in future work. The simulation results coincide with our theoretical analysis and validate the proposed scheme.
APPENDIX
This Appendix gives the derivations of f Ψ 1 |h and f Ψ 2 |h . Obviously, the conditional means of Ψ 1 , Ψ 2 are
Given the channel realizations, A 1 , A 2 , and A 3 are independent zeromean Gaussian random variables, and their conditional variances of are [25] E A 2
Then, the conditional variance of N q k,y (u, z) is
Therefore, the conditional variances of Ψ 1 and Ψ 2 are
After the conditional means and variances of Ψ 1 and Ψ 2 are calculated, their probability density functions are given by (24a) and (24b). and coherent detection are performed by exploiting the demodulation reference signal (DMRS) multiplexed in the LTE subframe. The CE for each transmitting antenna is separated by multiplying the DMRS with a unique phase rotation, which is often referred to as the cyclic shift equivalently in the time domain [2] . Intuitively, the resulting channel impulse responses (CIRs) of multiple antennas have different timedomain locations, thus becoming separable. This feature makes the well-known discrete Fourier transform (DFT)-based channel estimator (D-bCE) become a natural choice. As a practical CE method, the D-bCE has been well studied (see [3] - [6] and the references therein). The main idea behind it is that the CIR is usually concentrated in a relatively small number of timedomain samples within the orthogonal frequency-division multiplexing (OFDM) symbol. However, in LTE-A uplink, this cannot be strictly satisfied if the D-bCE is directly applied. For each user, the allocated frequency resource consisting of consecutive subcarriers is a fraction of the whole band. Thus, the resulting equivalent CIR is distorted and spreads over all time-domain samples. As a consequence, the timedomain truncation operation of the D-bCE leads to an inevitable channel energy leakage, and thus, interference among multiple transmitting antennas emerges, i.e., the orthogonality of CE ensured by cyclic shifts is lost. This effect is somewhat similar to that caused by estimating the multipath channel with nonsample-spaced time delays [3] , but it is even more serious. Currently, there are a few studies concerning the practical CE method for LTE-A uplink. In [7] , a Kalman-filter-based CE scheme was proposed for the high-Doppler-spread case. Liu et al. in [8] presented a CE method for uplink in a time-varying channel, but it is incompatible with the LTE-A pilot pattern. In addition, both of these methods only consider the single-transmitting-antenna case and have much higher complexity than the D-bCE. In this paper, we propose an enhanced D-bCE for LTE-A MIMO uplink by employing a well-designed frequency-domain weighting scheme, which could significantly improve the CE performance. By generating the weights offline, the main online complexity in our scheme only comes from the fast Fourier transform (FFT)/inverse FFT (IFFT) operations, similar to the conventional D-bCE.
II. PROBLEM FORMULATION
Consider an LTE-A uplink with N subcarriers. The overall spectrum is divided into several nonoverlap frequency bands, and each user (or group of users for multiuser MIMO) uses a unique band. Here, we focus on a specific band made up of K subcarriers with indexes {k 0 , . . . , k 0 + K − 1} ⊆ {0, . . . , N − 1}. For a user (or group of users) with M transmitting antennas, the DMRSs are generated based on a single Zadoff-Chu base sequence r [2] with different phase rotations α 1 , . . . , α M . Assuming that the channel is constant within an OFDM symbol time, then the signal model is given bȳ
whereȳ l is the received signal of the lth antenna at eNodeB on the considering band, Φ i = e −j2πk 0 α i · diag{1, e −j2πα i , . . . , e −j2π(K−1)α i } (unlike the original cyclic shift in [2] , here, we introduce an additional initial phase −2πk 0 α i to simplify the mathematical expression), D(r) = diag(r), h i,l denotes the K × 1 frequency-domain channel vector between the ith transmitting and the lth receiving antennas, andv l is the white Gaussian noise. Define y = D H (r)ȳ and v = D H (r)v. Hereafter, we drop subscript l for 0018-9545 © 2013 IEEE
